Introduction
After the 1970 Clean Air Act, the U.S. started regulating emissions from all industrial plants. Following the Clean Air Act Amendments of 1990, the U.S. Environmental Protection Agency (EPA) promulgated the Maximum Achievable Control Technology (MACT) regulations for air pollutants, including dioxins. The MACT standards resulted in large reductions in toxic air emissions across all industries, by over 90% for most pollutants . In particular, these standards resulted in significant emission reductions from municipal waste combustors (MWCs), the regulatory definition that EPA applies to both early municipal solid waste (MSW) incinerators and modern waste-to-energy facilities (WTE).
The first U.S. waste incinerator plant was built in 1885, in New York City, and hundreds more were operating by the middle of the 20th century. Those early plants were quite different from today's modern municipal solid waste (MSW) thermal treatment facilities, which produce steam and electricity, recover metals, and are generally referred to as Waste-to-Energy (WTE) power plants. Most of the current WTE capacity in the U.S. was built between 1980-1996. In the late nineties, the new EPA MACT requirements resulted in the closing of nearly forty of the older incinerators and the retrofitting of the remaining WTE plants with emission controls needed to meet the new MACT standards. As of 2014, there were 84 waste-to-energy facilities in 23 states, processing 27.4 million metric tons annually and generating over 14.5 billion kilowatt hours of electricity, corresponding to 0.36% of the 4 TWh U.S. total (Michaels, 2014) . This study examined the current level of dioxin emissions to the atmosphere from various U.S. sources and the relative contribution of the WTE industry to the total dioxin emissions. The generic term ''dioxins" refers to 17 structurally related halogenated tricyclic aromatic hydrocarbons, 53 polychlorinated dibenzo-p-dioxins, and 54 polychlorinated dibenzofurans. Dioxins are persistent organic pollutants, released into the environment from several sources. The health effects due to exposure to dioxins, in particular one of the most toxic dioxin compound -2,3,7,8-Tetrachlorodibenzo-p-diox in (TCDD) -have been studied extensively (US EPA, 2012). Dioxin toxicity equivalency factors (TEFs), are used to compare the toxicities of 16 other toxic dioxins to that of 2,3,7,8 TCDD and thus provide a total Toxic Equivalent (TEQ) amount for all 17 dioxin compounds. The TEFs used in this study are those provided by the World Health Organization (WHO, 1998) and are known as the WHO I-TEF. The total TEQ thus provides a universal basis to assess dioxin emissions from various sources.
In 2006, the U.S. EPA published an inventory of dioxin emissions for the U.S. covering the period from 1987 to 2000 (US EPA, 2006 
Methodology used
Emissions from most sources were calculated using the protocol provided by the Environmental Protection Agency in their reports on dioxin emissions. The approach used is based on an emissions factor that relates the ''mass of [P]CDDs/[P]CDFs released into the environment with some measure of activity (e.g., kilograms of material processed per year, vehicle miles traveled per year, etc.). It is developed by averaging the emission factors for the tested facilities or activities within the particular classification of sources" (US EPA, 2013). Emissions are calculated by multiplying this ''average emissions factor" by the activity level for that source.
Unless specified, the emission factors used in this report are the same as those published in the EPA report (US EPA, 2006) while dioxin quantities emitted are expressed in toxic equivalent grams (grams TEQ), as described in the previous section. Emissions are separated into two source categories: For controlled industrial sources, accurate emissions tests and activity levels were used, while for open burning sources, best emissions tests and estimates were used; of course, emissions from this second category are more uncertain.
Sources of information
The controlled sources of dioxins are grouped into five classes:
-Waste to energy. -Waste incineration.
-Electricity and heat generation: fuel combustion for electricity generation, heating, and vehicles. -Metallurgical processes: metal smelting, refining, and processing. -Cement and asphalt production.
Other sources are grouped into a sixth class:
-Open burning processes: refer to minimally or non controlled combustion including, backyard barrel burning, agricultural burning, construction debris, yard waste and fires (forest, vehicle, landfill, building).
For each emissions class, the EPA 2000 activity levels were first recalculated in order to test the validity of the calculations. Classes with annual emissions of less than 2 g TEQ, for 1995 and 2000 (US EPA, 2013), were not included in the inventory.
The following sections describe the calculations for emissions directly linked to the management of municipal solid waste: waste to energy plants, landfill gas combustion, and landfill fires. For more information on other dioxin sources mentioned in this paper, the reader is referred to the Columbia University thesis by Dwyer (2014).
WTE plants
Dioxin emissions from WTE plants were calculated using the results of the 2012 stack tests, as reported to state environmental agencies, of all facilities operated by the two major U.S. WTE companies, Covanta Energy and Wheelabrator Technologies. All together, these plants represent 84% of the U.S. WTE capacity ( Van Brunt, 2014; Porter, 2014; Shin, 2014) . The other U.S. plants belong to various municipalities and were assumed to have the same average emissions per short ton of waste processed.
The U.S. EPA standard, or MACT limit, for total dioxin concentration is 30 ng per dry standard cubic meter (dscm) corrected to 7% The compilation of data in Table 1 shows that, in total, 2.86 g TEQ were emitted by 57 WTE plants that combusted 23.0 million tonnes of municipal solid waste (84% of the total MSW combusted in U.S. WTE facilities) in 2012. To estimate the emissions of all U.S. WTE plants, this number was scaled up to the total of 27.4 million tonnes combusted in all U.S. WTE plants (Shin, 2014) , i.e. 2:86 27:4 23:0 ¼ 3:4 g TEQ . The ratio of total dioxins to TEQ dioxins, for each plant, is also shown in Table 1 and is plotted in Fig. 1 . It can be seen that most of the data can be represented by the approximate relationship, 90 ng of total dioxins = 1 ng TEQ dioxins. Table 2 shows the emissions for the entire WTE industry from 1987 to 2012.
Landfill fires
According to a 2002 report by the U.S. Fire Administration (USFA) (TriData Corporation, 2002) , landfill fires are primarily caused by spontaneous combustion of methane emitted from landfills and are a complex problem that has existed for decades. USFA reports that these fires can be difficult to extinguish and can last weeks before even being discovered. The number of landfill fires was estimated using the National Fire Incident Reporting System (NFIRS), a national system where fire departments send their statistics. This system is not mandatory, so not all fire departments use it, but. NFIRS considers it to be reasonably representative of the nation. This report estimates that only 30% of the landfill fires are being reported annually. In 2011, the number of fires in landfills reported to NFIRS was 3324, so the total fires were estimated at about 11,000. The NFIRS data (TriData Corporation, 2002 ) is available at the Federal Emergency Management Agency website (https://www.fema.gov/resource-document-library).
Using the EPA emission factor of 700 ng TEQ/kg burned and the average value of 225,000 kg burned per fire ( 
Landfill gas flaring
The EPA report ''Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2012" (US EPA, 2014) reports methane emissions Table 3 Dioxin emissions from landfill fires. Table 4 Dioxin emissions from flaring of landfill gas.
Emissions factor
1987: 1.4 ng TEQ DF /m from landfills: 13,331 Gg (metric tons) of methane were produced in 2012, 4040 Gg of which were flared. The molar mass of methane is 16, so the volume of methane flared, at standard temperature and pressure, is:
Landfill gas consists of about 50% methane and 50% CO 2 , according to the U.S. EPA Landfill Methane Outreach Program. Thus, the total landfill gas volume flared in 2012 was estimated at 11:4 billion m 3 . Using the EPA emissions factor of 1.4 ng TEQ/m 3 , the dioxin emissions from landfill gas flaring in the U.S. were estimated at 16 g TEQ (Table 4) . Table 5 summarizes the controlled industrial sources of dioxin emissions, divided into five classes, and the U.S. emissions for each source, at four reference years : 1987, 1995, 2000, and 2012 . Table 6 does the same for the sixth class of all open burning sources of dioxin emissions. Since 1987, dioxin emissions from controlled sources have decreased over 95%. In contrast, the dioxin emissions from open burning processes have increased 43%. This increase is primarily due to a larger number of landfill and forest fires that, together, account for 77% of the open burning emissions and 93% of the increase. Part of this increase may be due to better reporting of landfill and forest fires in recent years and part to an actual increase of such fires due to higher temperatures or other factors. The data of Table 5 are plotted in the form of a pie chart in Fig. 2 . Fig. 3 shows the municipal waste combustor total dioxin stack emissions, all of the plants were below the federal emissions limit of 13 ng/dscm for large new WTE plants. Table 7 shows that over the period 1987-2012, the WTE dioxin emissions constantly decreased, from 67.7% of all the controlled sources to 0.54% in 2012. When both controlled and noncontrolled sources are considered, the WTE contribution to the U.S. toxic dioxin emissions in 2012 was 0.09%.
Results and discussion

Conclusions
The U.S. annual toxic dioxin emissions were examined over the period 1987 to 2012. Dioxin emission data were compiled for 57 waste-to-energy plants, located in eighteen states of the Union and representing 84% of the total U.S. WTE capacity. The average dioxin concentration of these plants was 0.029 ng TEQ/dscm equivalent (TEQ) per standard dry cubic meter of stack gas, i.e., only one third of the E.U. standard (0.1 ng TEQ/dscm) for WTE plants. The total amount of dioxins emitted by all U.S. WTE plants in 2012 was estimated at 3.3 g TEQ. The inventory of all U.S dioxin emissions was divided into controlled sources, which in the period of 1987-2012 were reduced from 14.0 kg TEQ to 0.6 kg; and open burning sources which have increased from 2.3 kg TEQ, in 1987, to 2.9 kg TEQ in 2012.
The study showed that, by 2012, the dioxin emissions of the U.S. WTE industry have been reduced to 0.54% of all controlled sources and 0.09% of both controlled and non-controlled sources. An estimated 89% of the U.S. total dioxin emissions is due to three major non-controlled sources: landfill fires, forest and brush fires, and backyard burning. 
